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Abstract
The ClpB chaperone is known to be involved in bacterial stress response. Moreover, recent
studies suggest that this protein has also a role in the chickpea-rhizobia symbiosis. In order
to improve both stress tolerance and symbiotic performance of a chickpea microsymbiont,
theMesorhizobiummediterraneum UPM-Ca36T strain was genetically transformed with
pPHU231 containing an extra-copy of the clpB gene. To investigate if the clpB-transformed
strain displays an improved stress tolerance, bacterial growth was evaluated under heat
and acid stress conditions. In addition, the effect of the extra-copies of the clpB gene in the
symbiotic performance was evaluated using plant growth assays (hydroponic and pot tri-
als). The clpB-transformed strain is more tolerant to heat shock than the strain transformed
with pPHU231, supporting the involvement of ClpB in rhizobia heat shock tolerance. Both
plant growth assays showed that ClpB has an important role in chickpea-rhizobia symbio-
sis. The nodulation kinetics analysis showed a higher rate of nodule appearance with the
clpB-transformed strain. This strain also induced a greater number of nodules and, more
notably, its symbiotic effectiveness increased ~60% at pH5 and 83% at pH7, compared to
the wild-type strain. Furthermore, a higher frequency of root hair curling was also observed
in plants inoculated with the clpB-transformed strain, compared to the wild-type strain. The
superior root hair curling induction, nodulation ability and symbiotic effectiveness of the
clpB-transformed strain may be explained by an increased expression of symbiosis genes.
Indeed, higher transcript levels of the nodulation genes nodA and nodC (~3 folds) were
detected in the clpB-transformed strain. The improvement of rhizobia by addition of extra-
copies of the clpB gene may be a promising strategy to obtain strains with enhanced stress
tolerance and symbiotic effectiveness, thus contributing to their success as crop inoculants,
particularly under environmental stresses. This is the first report on the successful improve-
ment of a rhizobium with a chaperone gene.
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Introduction
The need of more sustainable agriculture practices, namely the reduction of chemical fertilizers,
highlights the importance of biological nitrogen fixation by symbiotic legume-rhizobia associa-
tions (e.g. [1, 2]). The establishment of these plant-bacteria symbioses is initiated by a complex
signalling dialogue between both partners, allowing the entry of rhizobia into the root and the
development of nodules, which are plant organs where rhizobia bacteroids reduce atmospheric
nitrogen into ammonia that can be used by the plant [3, 4]. Nodulation and symbiotic N2-fixa-
tion involve many rhizobial genes, which are commonly designated as symbiosis genes, such as
nod and nif genes [5]. For example, the genes nodABC (transcriptionally regulated by NodD)
encode enzymes that synthesize Nod factors (lipo-chitoolgosaccharides), which are perceived
by the plant, activating the root hair curling, forming a hook that enclose the bacteria and leads
to the subsequent development of an infection thread [5]. Nevertheless, previous studies have
shown that chaperone proteins, such as GroEL and ClpB, typically involved in stress response,
may also play important roles in the symbiotic legume-rhizobia relationships [6–8].
Stressful environmental conditions are limiting factors for the growth and survival of both
legume and rhizobia symbiotic partners, mostly by the perturbation of the cellular proteins
homeostasis [9, 10]. The nodule formation and nitrogen fixation in bacteroids [11] are highly
affected by stress conditions (e.g. [12, 13]). Therefore, it is likely that proteins involved in rhizo-
bia stress response, as chaperone proteins that act to prevent protein aggregation, assist refold-
ing and mediate degradation of misfolded proteins [14], have a role in the symbiotic
performance of these bacteria. For instance, alfalfa plants inoculated with groELc knockout
mutants of Ensifer meliloti presented a delay in nodulation compared to plants inoculated with
the wild-type strain, and the nodules induced by these mutants show no nitrogen fixation [8].
Similarly, chickpea plants inoculated with a clpB knockout mutant ofMesorizobium ciceri
showed a delay in nodulation and a lower number of bacteroids in the nodules, in comparison
with plants inoculated with the wild-type strain [7].
The ClpB chaperone (belonging to the Hsp100 proteins family) is considered an important
protein in the response to stress conditions, since it is an ATP-dependent disaggregase, which
has the remarkable ability to disaggregate and activate aggregated proteins accumulating under
stress conditions (e.g. [15, 16]). Many studies, in prokaryotes and eukaryotes report the pri-
mordial role of ClpB or its homologous proteins in thermotolerance [17–20], but its action
seems also important for the survival to a variety of other acute stress conditions [21], such as
osmotic, ethanol, acidity and salinity stresses (e.g. [22–25]). In bacteria, ClpB is a multidomain
protein composed of an N-terminal domain, two ATP-binding domains (AAA+ domains),
termed AAA1 and AAA2, and a middle domain inserted into AAA1, the coiled-coil M-domain
(e.g. [26, 27]). To achieve its function, ClpB cooperates with other proteins, namely from the
DnaKJ system (e.g. [28, 29]). Its specific role in protein disaggregation comprises the extraction
of polypeptides from aggregated particles and their translocation through the ClpB central
pore hexamers [27, 30, 31].
In an attempt to improve the symbiotic performance of a chickpeaMesorhizobium, the type
strainMesorhizobium mediterraneum UPM-Ca36T was transformed with extra-copies of the
clpB gene cloned in the expression vector pPHU231. This strain was selected due to its high
sensitivity to different environmental stress conditions [32], as well as low symbiotic effective-
ness [33]. The phenotype of the clpB-transformed strain was evaluated in free-living conditions
and in symbiosis with chickpea, in order to further characterize the role of this chaperone in
rhizobia.
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Material and Methods
Transformation ofM.mediterraneum UPM-Ca36T with extra-copies of
the clpB gene
TheM.mediterraneum UPM-Ca36T clpB gene (GenBank accession number: KT285182,
this work), plus its promoter and terminator regions, were amplified by PCR (primers
ClpB-BamHI-F 5’-GGATCCCGCCGTTTTTGTTTGTGCGC-3’ and ClpB-BamHI-R 5’-GGA
TCCATCCATTTCATGCCGCGTGA-3’), generating a fragment of 3059 bp. These primers
were designed based on the draft genome ofM.mediterraneumUPM-Ca36T (unpublished
data) and include a recognition site for the endonuclease BamHI, used to clone in the expres-
sion vector pPHU231, a low copy plasmid vector [34]. The identification of the putative pro-
moter and terminator regions was previously performed using BPROM-Prediction of bacterial
promoters software (http://www.softberry.com) and ARNold Finding Terminators at IGM—
Web Server (http://rna.igmors.u-psud.fr/toolbox/arnold/), respectively. Total DNA was
extracted using the E.Z.N.A. bacterial DNA kit (Omega Bio-Tek, Norcross, U.S.A.), according
to the manufacturer’s instructions. The PCR reaction was performed in a final volume of
50 μL, using 20 ng of total DNA, 1× reaction buffer, 0.2 mM of each dNTP, 1.5mM of MgSO4,
15 pmol of each primer and 0.02 U of KOD Hot Start DNA polymerase (Merck Millipore,
Darmstadt, Germany). The amplification program was: 2 min of initial denaturation at 95°C,
and 30 cycles of 10 s at 95°C, 10 s at 65°C and 85 s at 70°C. The PCR product was purified
using the GFX DNA purification Kit (GE Healthcare, Little Chalfont, UK), cloned in
pCR-BluntTM vector (ThermoFisher Scientific, Waltham, U.S.A), and sequenced. Subse-
quently, the cloned clpB fragment was introduced as a BamHI fragment into the expression
vector pPHU231, and transformed into Escherichia coli DH5α. To ensure that the expression
of the cloned clpB gene was occurring from its native promoter and not from the lacZ pro-
moter, the fragment was cloned with the terminator region downstream of the lacZ promoter.
The pPHU231 plasmid containing the clpB gene (pPHUclpB) was introduced inM.mediterra-
neum UPM-Ca36T strain by triparental mating, as described in [35], generating strain Ca36p-
PHUclpB. All plasmids and bacteria used in this work are presented in Table 1.M.
mediterraneumUPM-Ca36T transformed with the pPHU231 plasmid (Ca36pPHU) was also
obtained and used to compare bacteria that differ only in additional copies of the clpB gene.
The presence of the pPHU231 or pPHUclpB plasmids inM.mediterraneum UPM-Ca36T
was confirmed by PCR, using universal M13 primers. These PCR reactions were carried out in
a final volume of 25 μL, using 2.5 μL of total DNA [39] from the transformed strains, 1×
Table 1. Bacterial strains and plasmids used in the present work.
Plasmid/Strain Characteristics Reference
pRK600 Helper plasmid pRK2013 npt::Tn9, Cmr [36]
pPHU231 pRK290 derivative, broad-host-range vector, Tcr [34]
pPHUclpB pPHU231 with a copy of M. mediterraneum UPM-Ca36T clpB gene including its promoter and terminator regions This work
E. coli
MT616 MT607 (pRK600) [36]
DH5α SupE44 Δ lacU169 (φ80lacZΔM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 [37]
Mesorhizobium
Ca36WT M. mediterraneum UPM-Ca36T [38]
Ca36pPHU M. mediterraneum UPM-Ca36T carrying pPHU231 This work
Ca36pPHUclpB M. mediterraneum UPM-Ca36T carrying pPHU231 with a copy of M. mediterraneum UPM-Ca36T clpB gene, including its
promoter and terminator regions
This work
doi:10.1371/journal.pone.0148221.t001
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reaction Green GoTaq1 Flexi buffer, 0.2 mM of each dNTP, 1.5 mMMgCl2, 15 pmol of each
primer and 0.125U of GoTaq1 G2 Flexi DNA Polymerase (Promega, Fitchburg, U.S.A). The
amplification program was: 2 min of initial denaturation at 95°C, 30 cycles of 60 s at 95°C, 45 s
at 54°C, 10 s at 72°C or 205 s at 72°C (for Ca36pPHU and Ca36pPHUclpB, respectively), and a
final extension of 5 min at 72°C.
Analysis of clpB, nodA and nodC genes expression by semiquantitative
RT-PCR
To confirm the expression of the extra-copy of the clpB gene cloned in pPHU231, a semiquan-
titative RT-PCR analysis was performed, as described in [40]. Total RNA of the wild-type
strain (Ca36WT) and its derivates (strains Ca36pPHUclpB and Ca36pPHU) was extracted
using the GeneJET™ RNA Purification Kit (ThermoFisher Scientific, Waltham, U.S.A), from
bacteria grown in minimal medium [41] at 28°C for 24 hours, with a final OD540 of 0.4. DNA
contamination was removed by DNase I (Roche Diagnostics, Basel, Switzerland) digestion, fol-
lowed by RNA cleanup using GeneJET™ RNA Purification Kit. Approximately 250 ng of total
RNA was subjected to reverse transcription for cDNA synthesis, using the RevertAid First
Strand cDNA Synthesis kit (ThermoFisher Scientific, Waltham, U.S.A). Amplification of clpB
gene was performed using the primers ClpBIntF 5’- CGCCGAACCAAGAACAATCC -3’ and
CLPBIntR3 5’- GACCAGCGTGTGCATCTCATC -3’, which generate a fragment of 266 bp.
This PCR reaction was performed in a final volume of 25 μL, using 3 μL of cDNA (diluted
50×), 1× reaction Green GoTaq1 Flexi buffer, 0.2 mM of each dNTP, 1.5 mMMgCl2, 15 pmol
of each primer and 0.125U of GoTaq1 G2 Flexi DNA Polymerase (Promega, Fitchburg, U.S.
A). The amplification program was: 2 min of initial denaturation at 95°C, 30 cycles of 60 s at
95°C, 60 s at 56°C, 16 s at 72°C, and a final extension of 5 min at 72 C.
The analysis of the nodA and nodC genes expression was also performed in the clpB-trans-
formed strain and in the Ca36pPHU strain. The total RNA of these strains was extracted from
bacteria exposed to chickpea root exudates for 24h at 28°C, with a final OD540 of 0.4. The exu-
dates were obtained as described in [42]. DNA contamination was removed as described previ-
ously and approximately 275 ng of total RNA was subjected to reverse transcription for cDNA
synthesis. Amplification of the nodA gene was performed using the NodAIntF 5’- CCGAA
TGTCGAGTGGAAGTT -3’ and NodAIntR 5’- ctcgccaactttgatgaagc -3 primers, whereas the
nodC gene was amplified using NodCIntF 5’- atggaccttctcaccacagc -3’ and NodCIntR 5’- tgtag-
caggggatgatgaca -3 primers, generating fragments of 234bp and 201bp, respectively. The PCR
reaction was performed in a final volume of 25 μL, using 2 μL of cDNA (diluted 100×), 1× reac-
tion Green GoTaq1 Flexi buffer, 0.2 mM of each dNTP, 1.5 mMMgCl2, 15 pmol of each
primer and 0.125U of GoTaq1 G2 Flexi DNA Polymerase (Promega, Fitchburg, U.S.A). The
amplification program was: 2 min of initial denaturation at 95°C, 30 cycles of 60 s at 95°C, 60 s
at 54°C (nodA) or 56°C (nodC), 14 s (nodA) or 12 s (nodC) at 72°C, and a final extension of 5
min at 72°C.
The amplification of the 16S rRNA gene was used to normalize the relative clpB, nodA and
nodC transcripts abundance, using primers IntF and IntR [43], which generate a fragment of
199 bp. The PCR reaction was performed to a final volume of 25 μL, using 1 μL of cDNA
(diluted 100×), 1× reaction Green GoTaq1 Flexi buffer, 0.2 mM of each dNTP, 1.5 mM
MgCl2, 15 pmol of each primer and 0.125U of GoTaq1 G2 Flexi DNA Polymerase (Promega,
Fitchburg, U.S.A). The amplification program was: 2 min of initial denaturation at 95°C, 30
cycles of 60 s at 95°C, 60 s at 56°C, 12 s at 72°C, and a final extension of 5 min at 72°C.
Densitometric analysis of ethidium bromide-stained agarose gels was performed using
Kodak Digital Science 1D version 2.0.3 (Eastman Kodak Company, Rochester, U.S.A). Positive
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controls with total DNA of Ca36WT strain as template and negative controls using RNA with-
out the addition of the reverse transcriptase enzyme were performed. Three biological repli-
cates were performed for the expression analysis of the genes.
Analysis of stress tolerance in free-living conditions
To characterize the phenotype of the Ca36pPHUclpB strain, namely its tolerance to stress con-
ditions, bacterial growth was evaluated in liquid medium by measuring the OD540 every 24 h
up to 168 h. Several heat and acidity stress conditions were tested and the control conditions
were 28°C and pH7. For all treatments, bacterial cultures with an initial OD540 of 0.1 were pre-
pared after an overnight growth, in Tryptone Yeast (TY) medium [44] for heat stress evalua-
tion or in Yeast Extract Mannitol (YEM) broth, buffered as described in [45], for acid stress
evaluation. The media were supplemented with tetracycline (10μg/mL) for the growth of the
Ca36pPHU and Ca36pPHUclpB strains. Three replicas per treatment were performed.
To study the effect of heat stress, Ca36WT, Ca36pPHUclpB and Ca36pPHU strains were
submitted to a continuous heat stress (37°C) and a heat shock (48°C during 30 min, followed
by growth at 28°C). To evaluate the effect of acid stress, the bacterial cultures were submitted
to acid shocks at pH5 and pH3 (during 1 h followed by growth at pH7).
Evaluation of nodulation kinetics
To evaluate the nodulation kinetics, a hydroponic assay was conducted using chickpea plants
inoculated with Ca36WT, Ca36pPHU or Ca36pPHUclpB strains. All the procedures were per-
formed as described in [7]. Eight seeds per treatment were used and the number of nodules
was evaluated every three days for a total of 24 days.
Analysis of the symbiotic performance
In order to evaluate the symbiotic performance of the Ca36pPHUclpB strain, a plant growth
assay was conducted in a growth chamber, under control (pH7) and stress conditions (pH5).
Chickpea seeds (variety ELIXIR, cultivar CHK 3236) were surface-sterilized and pregerminated
as described previously [46]. After germination, the seeds were transferred to plastic pots filled
with sterile vermiculite and subsequently inoculated with the Ca36WT, Ca36pPHU or Ca36p-
PHUclpB strains. These strains were previously grown overnight in TYmedium at 28°C (~18 h).
The cell suspension was centrifuged at 8000g during 5 min and resuspended in fresh TY
medium. The OD540 was adjusted at 1.0, and 1 ml of the bacterial suspension was used to inocu-
late each seedling. Five replicates were used for each treatment. Chickpea plants were grown for 8
weeks as previously described [46].
Plants were watered, three times per week, with 100 mL of a nitrogen-free nutrient solution
[47], with its pH adjusted to 7 (control) or 5 (stress) as previously described [48]. Uninoculated
plants watered with a nutrient solution containing 0.1% of KNO3 (as nitrogen source) were
used as positive controls. Uninoculated plants watered with a nitrogen-free nutrient solution
were used as negative controls. After 8 weeks, the plants were harvested and several parameters
were measured, such as number of nodules (NN), nodule dry weight (NDW), shoot dry weight
(SDW) and root dry weight (RDW). The average weight per nodule (AWN) was calculated as a
ratio between NDW and NN. Symbiotic Effectiveness (SE) was determined using both positive
and negative controls, as described in [49].
To confirm the presence of the pPHU231 or pPHUclpB plasmids in nodules formed by the
transformed strains, recovery of bacteria from the nodules was conducted, following the proce-
dures described in [35].
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Analysis of root hair curling
For the analysis of the chickpea root hair curling induced by the Ca36pPHUclpB, Ca36pPHU
and wild-type strains, 2-day-old germinated chickpea seeds were inoculated as previously
described [50]. The seedlings were inoculated with a bacterial suspension with an OD540 of 0.4,
after an overnight growth on YEM broth. A minimum of 16 seedlings per strain were analysed.
The differentiation zone of the roots was observed under an Olympus BX41 microscope, and
images were captured using an Olympus SC30 digital camera with analySIS getIT software
(version 5.2).
Analysis of nodules histology
Roots and nodules were excised from 8-week-old plants and processed for light microscopy using
Bright field and phase-contrast optics. The internal morphological features of chickpea nodules
were examined by microscopy after Toluidine blue staining. Nodules were fixed in 4% formalde-
hyde in 50 mM phosphate buffer (pH 8), dehydrated in an increasing ethanol series, and embed-
ded in paraffin. Toluidine blue-stained sections (2 μm) of embedded nodules were examined by
light microscopy under a Nikon SMZ800 stereomicroscope and Nikon eclipse 80i microscope.
The images were captured using a Nikon DS-Fi1 and Nikon DS-Ri1 camera respectively.
Statistical analysis
The data obtained from RT-PCR analyses and from the chickpea plant-growth assays were
analyzed using one-way ANOVA (P< 005). The post hoc Tukey test was used to compare the
means and indicate which treatments have significant differences. Statistical analysis was car-
ried out using SPSS V.21 software (SPSS Inc., Chicago, U.S.A).
Results
Confirmation of bacterial transformation and analysis of clpB gene
expression in the clpB-transformed strain
To confirm the bacterial transformation with the pPHU231 or pPHUclpB plasmids, a PCR
amplification using M13 primers was performed. As expected, a band of ~4500bp (3059bp cor-
responding to the clpB gene including its promoter and terminator regions, plus ~1500bp of
plasmid sequence) was obtained using as template the total DNA of the Ca36pPHUclpB strain.
A band with ~1500bp was obtained using as template the total DNA of the Ca36pPHU strain,
confirming the presence of the expression vector (data not shown).
To confirm that extra-copies of the clpB gene in the Ca36pPHUclpB strain were being tran-
scribed, the clpB transcript abundance was evaluated by semiquantitative RT-PCR, and com-
pared with the levels in Ca36pPHU strain. In the Ca36pPHUclpB strain the transcriptional levels
of the clpB gene were ~2 fold higher than those detected in Ca36pPHU strain. (Fig 1). The
Ca36WT and Ca36pPHU strains presented similar clpB expression levels (data not shown).
Evaluation of the stress tolerance of the wild-type and transformed
strains in free-living conditions
To determine the effects of extra-copies of the clpB gene inM.mediterraneum UPM-Ca36T
stress response, the growth of the Ca36WT, Ca36pPHU and Ca36pPHUclpB strains was evalu-
ated in liquid medium under control and stress conditions (Fig 2).
At control conditions (28°C), both transformed strains showed a similar growth curve
(Fig 2A). However, when these bacteria were submitted to a heat shock (48°C, 30 min), a
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higher growth rate in the exponential phase was observed for the Ca36pPHUclpB strain in
comparison with the Ca36pPHU (Fig 2B). This suggests the involvement of the ClpB chaper-
one protein in the recovery from heat shock. The lower growth rate of the Ca36pPHU and
Ca36pPHUclpB strains in comparison to the Ca36WT strain, can be justified by the energetic
cost of maintaining the plasmid, which becomes more significant under stressful conditions.
Both transformed strains, Ca36pPHU and Ca36pPHUclpB, showed a similar growth curve
after an acid shock at pH5 and pH3 for 1h (data not shown). Under continuous heat (37°C) a
very low growth rate was observed for the wild-type and both transformed strains (data not
shown).
Nodulation kinetics of the wild-type and transformed strains
In order to evaluate the effect of the extra-clpB gene copies in the initial processes of the symbi-
otic relationship, a hydroponic plant assay was conducted to compare the nodulation kinetics
in plants inoculated with the transformed and the wild-type strains. The nodulation kinetics
analysis shows that 10 days after inoculation the chickpea plants inoculated with Ca36p-
PHUclpB, Ca36pPHU and Ca36WT strains display the first nodules (Fig 3). However, the rate
of nodulation is higher with the Ca36pPHUclpB strain. At 17 days after inoculation and
onwards, a significantly higher number of nodules (NN) was observed in plants inoculated
with the Ca36pPHUclpB strain, compared to the plants inoculated with the Ca36WT and
Ca36pPHU strains. No significant differences were observed in the nodulation kinetics
between the Ca36WT and Ca36pPHU strains (Fig 3).
Fig 1. Analysis of clpB gene transcription by semiquantitative RT-PCR inM.mediterraneumCa36pPHU (lane 1, light gray bar) and Ca36pPHUclpB
(lane 2, dark gray bar) strains. The relative clpB transcript abundance was normalized against the amplification of a fragment of 16S rRNA gene. For the
quantification of RT-PCR analysis, data are presented as the mean and standard error values of three independent biological replicates. Different letters (a,
b) correspond to statistical significant differences (P < 0.05).
doi:10.1371/journal.pone.0148221.g001
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Evaluation of symbiotic performance of the wild-type and transformed
strains
The symbiotic performance of the wild-type and transformed strains was evaluated under con-
trol conditions (pH7) and acid stress (pH5). No significant differences were obtained between
the symbiotic performance of Ca36WT and Ca36pPHU strains (data not shown), therefore
this section will only present the results referring to the Ca36WT and the Ca36pPHUclpB
strains (Fig 4).
Fig 2. Growth curves ofM.mediterraneumUPMCa36T wild-type strain (Ca36WT) and its derivatives
(Ca36pPHU and Ca36pPHUclpB) under control and heat shock conditions. Bacterial growth at 28°C (A).
Bacterial growth after a heat shock of 48°C during 30 min, followed by growth at 28°C (B).
doi:10.1371/journal.pone.0148221.g002
Fig 3. Nodulation kinetics of chickpea plants inoculated with Ca36WT, Ca36pPHU or Ca36pPHUclpB strains during 24 days after inoculation. Each
point represents the mean and standard error values of eight plants per treatment.
doi:10.1371/journal.pone.0148221.g003
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As expected, the acid conditions negatively affected the chickpea growth, since the positive
and negative control plants show values of shoot dry weight (SDW) and root dry weight
(RDW) lower at pH5 compared to pH7 (Fig 4A and 4B). Minor differences between the
parameters obtained at pH5 and pH7 were observed in inoculated plants, either with the
Ca36WT or with the Ca36pPHUclpB strain (except for RDW with Ca36pPHUclpB strain that
shows a significantly higher value at pH7 than at pH5, Fig 4B). These results suggest that rhizo-
bia inoculation per se can alleviate the negative effect of low pH in chickpea plants.
Plants inoculated with Ca36pPHUclpB strain showed a significant increase in the SDW and
NN, compared to the plants inoculated with the Ca36WT strain, at both pH conditions tested
(Fig 4A and 4C). The SDW of chickpea plants inoculated with the Ca36pPHUclpB was 41% (at
pH5) and 36% (at pH 7) higher than those inoculated with the Ca36WT. The remarkable
increase in the NN was around 95% at pH5 and 137% at pH7. More importantly, the symbiotic
effectiveness (SE) of Ca36pPHUclpB strain was ~60% and 83% higher compared to the wild-
type strain, at pH5 and pH7 conditions, respectively (Fig 4E). These results indicate that the
extra-copies of the clpB gene improved the symbiotic performance of theM.mediterraneum
UPM-Ca36T strain.
Fig 4. Results obtained from a plant growth assay performed under control (pH7) and stress conditions (pH5). The chickpea plants were inoculated
with theM.mediterraneumUPM-Ca36T wild-type strain (Ca36WT) and Ca36pPHUclpB. SDW—Shoot dry weight (A). RDW—Root dry weight (B). NN—
Number of Nodules (C). AWN—AverageWeight per Nodule (D). SE-Symbiotic Effectiveness (E). Data correspond to the mean and standard error of five
plant replicates (n = 5) per treatment. Different letters (a-g) correspond to statistical significant differences (P<0.05). Dark grey bars correspond to results
obtained under control conditions (pH7). Light grey bars correspond to results obtained in plants subjected to pH stress conditions (pH5).
doi:10.1371/journal.pone.0148221.g004
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Despite the increase of NN found in plants inoculated with the Ca36pPHUclpB, the average
weight per nodule (AWN) was significantly lower than the one obtained in plants inoculated
with Ca36WT strain, since the nodules resulting from the Ca36pPHUclpB present a smaller
size (Fig 4D). This suggests that the expression of extra-copies of the clpB gene inM.mediterra-
neum UPM-Ca36T contributes not only to an increase in the NN but also to changes in the
nodule development. The nodule dry weight (NDW) of plants inoculated with both strains is
not significantly different (data not shown).
Analysis of the chickpea root hair curling induced by the wild-type and
transformed strains
In order to evaluate if the higher NN produced by the clpB-transformed strain, could be associ-
ated with differences in the root hair curling, this process was monitored for several days in
seedlings inoculated with the wild type and the transformed strains. At day 3, a more evident
root hair curling was observed in seedlings inoculated with the strain Ca36pPHUclpB. At day
4, the seedlings inoculated with either of the three strains showed root hair curling, however,
the clpB-transformed strain induced a higher number of curled root hairs in comparison with
the Ca36WT and Ca36pPHU strains (Fig 5). The Ca36WT and Ca36pPHU strains present a
similar ability in inducing the root hair curling (Fig 5). These results suggest a higher induction
of root hair curling by the clpB-transformed strain, which probably contributes to the higher
nodulation rate obtained with this strain in the plant trials (Fig 3 and Fig 4).
Histological analysis of nodules
To further define the effect of clpB-transformed strain on symbiotic development, we examined
embedded nodule sections induced by Ca36WT, Ca36pPHU and Ca36pPHUclpB strains. No
differences were obtained between the nodule cytology of Ca36WT and Ca36pPHU strains.
Bright field light microscopy (Fig 6A–6D) showed that all nodules examined had the typical
histology of indeterminate effective nodules with differentiated meristematic, infection, and
bacteroid zones (Fig 6A and 6B). However, nodules induced by Ca36WT or Ca36pPHU (Fig
6A) were greater in size and have a higher number of meristematic zones (asterisks in Fig 6A)
than nodules induced by CapPHUclpB (asterisks in Fig 6B). Amplification of these meriste-
matic zones (Fig 6C and 6D) showed no difference between all nodules analyzed. Phase con-
trast microscopy (Fig 6E and 6F) revealed the presence of particles only in the nodules induced
by Ca36pPHUclpB (arrows in Fig 6F). These particles were observed mainly in the infection
zone inside of both infected (Fig 6F, white arrows) and uninfected cells (Fig 6F, black arrows).
The appearance of these particles differs according to the type of cells. In infected cells resemble
vesicles (Fig 6F, white arrows) and in uninfected cells they are more similar to granules (Fig 6F,
black arrows). However, we must proceed to further studies to confirm the nature of these par-
ticles and their involvement in symbiotic performance.
Analysis of nodA and nodC genes expression in the clpB-transformed
strain
To understand how the clpB extra-copies could improve the symbiotic performance of the
strain, namely its nodulation efficiency, the expression of the nodulation genes nodA and nodC
was evaluated by semiquantitative RT-PCR (Fig 7). The transcriptional levels of both nodA
and nodC genes in the clpB-transformed strain were ~3 folds higher than those detected for the
Ca36pPHU strain, suggesting higher levels of Nod factors in Ca36pPHUclpB. This could
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contribute to the enhanced induction of root hair curling and nodulation efficiency in the
plants inoculated with the Ca36pPHUclpB strain.
Discussion
The improvement of rhizobia stress tolerance may allow the development of more efficient
inoculant strains to be used in fields affected by environmental stress conditions. The modifica-
tion of rhizobia by transformation with chaperone genes, coding for proteins commonly
involved in stress response, could act in two beneficial ways: improvement of stress tolerance
and symbiotic effectiveness (SE). Several chaperones were found to be directly involved in the
symbiotic process (e.g. [7, 8]). Our previous results clearly showed the involvement of ClpB
chaperone in plant-rhizobia nodule formation and development: a clpB knockout mutant of
Fig 5. Microscopic analysis of root hair curling of chickpea plants inoculated with Ca36WT,
Ca36pPHU or Ca36pPHUclpB. This analysis was performed in the third and fourth days after inoculation.
Plants inoculated with the Ca36WT strain (A). Plants inoculated with the Ca36pPHU strain (B). Plants
inoculated with the Ca36pPHUclpB strain (C). Scale bar: 0.053 μm.
doi:10.1371/journal.pone.0148221.g005
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M. ciceri LMS-1 displays a delay in the nodulation of chickpea plants, as well as a lower number
of bacteroids, when compared to the wild-type [7]. Therefore, with the major goal of improving
the stress tolerance and symbiotic performance ofM.mediterraneum UPM-Ca36T, this strain
was genetically transformed with an extra-copy of the clpB gene cloned in the expression vector
pPHU231.
Fig 6. Nodule development in chickpea. Portions of nodulated roots inoculated with the Ca36pPHU (A), wild-type Ca36WT (C, E), or Ca36pPHUclpB
strains (B, D, F) are shown. A and B, Stereophotomicrographs of sections of embedded nodules stained with Toluidine Blue. C to F, Photomicrographs of
embedded nodules stained with Toluidine Blue. A to D, bright field light microscopy. E and F, Phase contrast microscopy. A and B, whole nodules (asterisks
indicate meristematic zones). C and D, meristematic zones at higher magnification. E and F, infection zones (Black arrows indicate particles inside
uninfected cells; White arrows indicate particles inside infected cells). Scale Bars: 400 μm (A and B); 100 μm (C and D); 50 μm (E and F).
doi:10.1371/journal.pone.0148221.g006
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Role of clpB in bacterial stress response
Different reports point towards an important role of ClpB in bacterial heat shock tolerance,
namely in E. coli [16], Brucella suis [22], Vibrio cholera [51], as well as in rhizobia, as is the case
of Ensifer meliloti [52],M. ciceri [7] andM. loti [53]. In the present work, the evaluation of
growth under abiotic stress conditions showed that the expression of additional copies of the
clpB gene led to a higher growth rate after a heat shock, indicating that ClpB contributes to the
heat shock response inM.mediterraneum UPM-Ca36T. This is in agreement with the reported
overexpression of the clpB gene ofM. lotiMAFF303099 [53], as well as the overproduction of
this chaperone in aM. ciceri strain [7], in response to heat shock. The fact that the transcription
of the clpB extra-copies is under the control of the native promoter suggests that the native-
and extra-copy genes are similarly regulated. Therefore, it is expected that the phenotypic
effects due to the extra-copies will be more pronounced in stress conditions that significantly
upregulate the native clpB, such as heat shock.
Regarding the tolerance to acid shock in free living conditions, no differences were observed
between the growth curves of Ca36pPHUclpB and Ca36pPHU strains. These results suggest
that the presence of clpB extra-copies is insufficient to overcome the negative effect of acid
stress inM.mediterraneum UPM-Ca36T, which is very sensitive to this condition. InMesorhi-
zobium, the role of ClpB in acid stress tolerance is not yet clear. InM. ciceri LMS-1, the involve-
ment of ClpB in acid stress response was only detected in cells submitted to very severe acid
conditions [7]. In a transcriptome analysis ofM. lotiMAFF303099 submitted to an acidic
shock, a very slight underexpression of clpB gene was detected [54]. Therefore, more studies
are required in order to clarify the ClpB involvement inMesorhizobium tolerance to acidity.
Fig 7. Analysis of nodA and nodC gene transcription by semiquantitative RT-PCR in the Ca36pPHU (lane 1, light gray bars) and clpB-transformed
(lane 2, dark gray bars) strains. To normalize the relative nodA and nodC transcripts abundance the amplification of a fragment of 16S rRNA gene was also
performed. Data in the graph correspond to the mean and standard error values of three independent biological replicates. Different letters (a, b) correspond
to statistical significant differences (P < 0.05).
doi:10.1371/journal.pone.0148221.g007
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Role of clpB in the symbiotic relationship legume-rhizobia
With the main purpose of evaluating the effects of clpB extra-copies in the symbiotic perfor-
mance ofM.mediterraneum UPM-Ca36T, plant growth trials were performed (hydroponic
assay for nodulation kinetics and pot assay for symbiotic effectiveness).
Since acidity is a common problem in the fields, the pot assay was carried out under control
(pH7) and acid stress conditions (pH5). In both pH conditions, the presence of clpB extra-cop-
ies showed a beneficial effect in the symbiotic performance of this mesorhizobium strain, with
a significant increase of approximately 60% and 83% in the SE, at pH5 and pH7, respectively.
The NN and SDW of plants inoculated with the Ca36pPHUclpB strain were significantly
higher than the ones obtained with Ca36WT. Similarly, the root hair curling observed in plants
inoculated with Ca36pPHUclpB was higher than the one obtained with Ca36WT. These results
support the role of the clpB extra-copies in the symbiotic performance, probably through the
increase in root hair curling and nodulation abilities, and leading to the development of more
efficient nodules. Histological analysis shows that the nodules induced by Ca36pPHUclpB
present some particles that are not observed in the nodules induced by the Ca36WT or Ca36p-
PHU strains. However, if and how these particles contributed to the higher symbiotic perfor-
mance of the Ca36pPHUclpB remains unclear. Futher studies are required to confirm the
nature of these particles and their involvement in symbiotic performance. The higher induction
of root hair curling observed in seedlings inoculated with the clpB-transformed strain probably
leads to the higher rate of nodulation. Overall, these results suggest that the extra-copies of the
clpB gene promotes, at least, the nodulation process, which contributes to an increased symbi-
otic effectiveness.
Transcriptomic and proteomic analyses of bacteroids suggest that chaperone genes are
involved in the symbiotic process [55–58]. For instance, studies with the major chaperone
GroEL have shown that it modulates NodD activity, which in turns regulates the nod genes
expression in E.meliloti. E.meliloti groEL1mutants presented a reduction in the nod gene
expression and formed ineffective nodules in different legumes [6]. More recently, Brígido
et al. [7] clearly demonstrated that the chaperone ClpB is involved in the mesorhizobium-
chickpea nodulation process. The delay in nodule formation by a clpBmutant was suggested to
be related to its inability to properly activate the expression of the nod genes, probably due to
an inappropriate folding of the NodD protein [7].
Agreeing with previous studies, our data reinforce the importance of ClpB in the symbiosis,
namely in the nodulation process and ultimately in the SE of the strain. Thus, one possible
explanation for the influence of the clpB extra-copies in the SE is the involvement of ClpB in
the disaggregation and folding of proteins related to the symbiosis, namely nodulation pro-
teins, such as NodD. This is the major activator of nod genes that encode the enzymes involved
in the synthesis and secretion of Nod factors [59], which are perceived by the host plant and
trigger the root hair curling [60]. The hypothesis that extra ClpB chaperone disaggregates and
folds symbiosis-related proteins, such as the nod activator NodD, is supported by our RT-PCR
data showing an increase of ~3 fold in the expression of the nodulation genes nodA and nodC
in the clpB-transformed strain, compared to the Ca36pPHU strain. The increased expression
of nodulation genes detected in the clpB-transformed strain suggests that this strain synthesizes
higher levels of Nod factors. This is supported by the observation of more curled root hairs, as
well as a higher NN, in plants inoculated with the clpB-transformed strain, compared to plants
inoculated with Ca36pPHU or wild type strains.
It has been suggested that rhizobia encounter stress conditions when entering or within the
cells of the plant hosts [61], such as acidity or microaerobiosis, requiring the action of several
molecular chaperones and proteases. In fact, several studies in rhizobia showed the induction
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of chaperone genes, such as clpB, under acidity or microaerobic conditions, supporting their
involvement in the protection of proteins from denaturation and aggregation within the host
cells [23, 62, 63]. Despite the fact that in free-living conditions, no increase in acid stress toler-
ance was obtained with the clpB-extra copies, it is possible that in the rhizosphere and root
nodules the conditions are more complex involving a combination of different stresses. This
could explain the beneficial effect of the clpB-extra copies in overcoming stress and ultimately
increasing the symbiotic effectiveness.
Conclusions
Overall, our data show that the transformation of theM.mediterraneumUPM-Ca36T strain
with extra-copies of the clpB gene has a clear beneficial effect in its symbiotic performance. It is
probable that the contribution of the extra-copies of the clpB in the chickpea-mesorhizobium
symbiosis may be related to a more efficient disaggregation of proteins involved in the symbio-
sis, particularly in the molecular signaling between the two partners. In addition, the extra-cop-
ies of the clpBmay confer a higher ability to counteract the stress conditions found in the
rhizosphere and within the root nodule.
The present work shows that it is possible to improve the symbiotic effectiveness, as well as
the stress tolerance (namely to heat shock) ofM.mediterraneum UPM-Ca36T, by overexpres-
sing the clpB chaperone gene. These results have potential applications, namely in obtaining
more efficient inoculants for field crops, particularly under environmental stress conditions.
Future studies could involve the integration of an extra-copy of clpB gene in the chromosome
of theM.mediterraneumUPM-Ca36T, in order to increase its stability in the bacterial genome.
Although our previous report [7] together with the present study contribute to the elucida-
tion of the involvement of the chaperone ClpB in the symbiosis rhizobia-chickpea, the molecu-
lar mechanisms behind its role in the symbiosis are not fully characterized, requiring further
studies. This report describes the first successful improvement of the SE of a rhizobium by its
transformation with an extra copy of a chaperone gene.
Acknowledgments
We are grateful to Prof. L. Moreira (Instituto Superior Técnico, Universidade de Lisboa, Portu-
gal) for kindly supplying the pPHU231 expression vector.
Author Contributions
Conceived and designed the experiments: AP CB AA PFM SO. Performed the experiments: AP
CB AA PFM. Analyzed the data: AP CB AA PFM SO. Contributed reagents/materials/analysis
tools: CB AA PFM SO. Wrote the paper: AP CB AA PFM SO.
References
1. Adesemoye AO, Torbert HA, Kloepper JW. Plant growth-promoting rhizobacteria allow reduced appli-
cation rates of chemical fertilizers. Microb Ecol. 2009; 58(4): 921–9. doi: 10.1007/s00248-009-9531-y
PMID: 19466478.
2. Dixon R, Daniel Kahn D. Genetic regulation of biological nitrogen fixation. Nat Rev Microbiol. 2004; 2
(8): 621–31. doi: 10.1038/nrmicro954 PMID: 15263897.
3. Downie JA. Legume nodulation. Curr Biol. 2014; 24(5): R184–90. doi: 10.1016/j.cub.2014.01.028
PMID: 24602880.
4. Kereszt A, Mergaert P, Kondorosi E. Bacteroid development in legume nodules: evolution of mutual
benefit or of sacrificial victims?. Mol Plant Microbe Interact. 2011; 24(11): 1300–9. doi: 10.1094/MPMI-
06-11-0152 PMID: 21995798.
Symbiotic Performance of Rhizobia Improved by Extra clpBGene Copies
PLOS ONE | DOI:10.1371/journal.pone.0148221 February 4, 2016 15 / 18
5. Cooper JE. Early interactions between legumes and rhizobia: disclosing complexity in a molecular dia-
logue. J Appl Microbiol. 2007; 103(5): 1355–65. doi: 10.1111/j.1365-2672.2007.03366.x PMID:
17953546.
6. Bittner AN, Foltz A, Oke V. Only one of five groEL genes is required for viability and successful symbio-
sis in Sinorhizobiummeliloti. J Bacteriol. 2007; 189(5):1884–9. doi: 10.1128/JB.01542-06 PMID:
17158666.
7. Brígido C, Robledo M, Menéndez E, Mateos PF, Oliveira S. A ClpB chaperone knockout mutant of
Mesorhizobium ciceri shows a delay in the root nodulation of chickpea plants. Mol Plant Microbe Inter-
act. 2012; 25(12): 1594–604. doi: 10.1094/MPMI-05-12-0140-R PMID: 23134119.
8. Ogawa J, Long SR. The Rhizobiummeliloti groELc locus is required for regulation of early nod genes
by the transcription activator NodD. Genes Dev. 1995; 9(6): 714–29. doi: 10.1101/gad.9.6.714 PMID:
7729688.
9. Zahran HH. Rhizobium-legume symbiosis and nitrogen fixation under severe conditions and in an arid
climate. Microbiol Mol Biol Rev. 1999; 63(4): 968–89. PMID: 10585971.
10. Alexandre A, Oliveira S. Response to temperature stress in rhizobia. Crit Rev Microbiol. 2013; 39(3):
219–28. doi: 10.3109/1040841X.2012.702097 PMID: 22823534.
11. Haag AF, Arnold MF, Myka KK, Kerscher B, Dall’Angelo S, Zanda M, et al. Molecular insights into bac-
teroid development during the Rhizobium-legume symbiosis. FEMSMicrobiol Rev. 2013; 37(3): 364–
83. doi: 10.1111/1574-6976.12003 PMID: 22998605.
12. Priefer UB, Aurag J, Boesten B, Bouhmouch I, Defez R, Filali-Maltouf A, et al. Characterisation of Pha-
seolus symbionts isolated fromMediterranean soils and analysis of genetic factors related to pH toler-
ance. J Biotechnol. 2001; 91(2–3): 223–36. doi: 10.1016/S0168-1656(01)00329-7 PMID: 11566393.
13. Singleton PW, El Swaify SA, Bohlool BB. Effect of salinity on Rhizobium growth and survival. Appl Envi-
ron Microbiol. 1982; 44(4): 884–90. PMID: 16346113.
14. Hartl FU. Molecular chaperones in cellular protein folding. Nature. 1996; 381(6583): 571–9. doi: 10.
1038/381571a0 PMID: 8637592.
15. Biter AB, Lee S, Sung N, Tsai FTF. Structural basis for intersubunit signaling in a protein disaggregating
machine. Proc Natl Acad Sci USA. 2012; 109(31): 12515–20. doi: 10.1073/pnas.1207040109 PMID:
22802670.
16. Kędzierska S, Matuszewska E. The effect of co-overproduction of DnaK/DnaJ/GrpE and ClpB proteins
on the removal of heat-aggregated proteins from Escherichia coli ΔclpB mutant cells—new insight into
the role of Hsp70 in a functional cooperation with Hsp100. FEMSMicrobiol Lett. 2001; 204(2): 355–60.
doi: 10.1016/S0378-1097(01)00427-X PMID: 11731148.
17. Acébron SP, Martín I, del Castillo U, Moro F, Muga A. DnaK-mediated association of ClpB to protein
aggregates. A bichaperone network at the aggregate surface. FEBS Lett. 2009; 583(18): 2991–6. doi:
10.1016/j.febslet.2009.08.020 PMID: 19698713.
18. Eriksson MJ, Clarke AK. The Escherichia coli heat shock protein ClpB restores acquired thermotoler-
ance to a cyanobacterial clpB deletion mutant. Cell Stress Chaperones. 2000; 5(3): 255–64. PMID:
11005383.
19. Queitsch C, Hong SW, Vierling E, Lindquist S. Heat shock protein 101 plays a crucial role in thermoto-
lerance in Arabidopsis. Plant Cell. 2000; 12(4): 479–92. doi: 10.1105/tpc.12.4.479 PMID: 10760238.
20. Sanchez Y, Lindquist S. Hsp104 required for induced thermotolerance. Science. 1990; 248(4959):
1112–5. doi: 10.1126/science.2188365 PMID: 2188365.
21. Hartl FU, Bracher A, Hayer-Hartl M. Molecular chaperones in protein folding and proteostasis. Nature.
2011; 475(7356): 324–32. doi: 10.1038/nature10317 PMID: 21776078.
22. Ekaza E, Teyssier J, Ouahrani-Bettache S, Liautard JP, Kohler S. Characterization of Brucella suis
clpB and clpABmutants and participation of the genes in stress responses. J Bacteriol. 2001; 183(8):
2677–81. doi: 10.1128/JB.183.8.2677–2681.2001 PMID: 11274130.
23. de Lucena DK, Pühler A, Weidner S. The role of sigma factor RpoH1 in the pH stress response of Sinor-
hizobiummeliloti. BMCMicrobiol. 2010; 10: 265. doi: 10.1186/1471-2180-10-265 PMID: 20955556.
24. Domínguez-Ferreras A, Perez-Arnedo R, Becker A, Olivares J, Soto MJ, Sanjuan J. Transcriptome pro-
filing reveals the importance of plasmid pSymB for osmoadaptation of Sinorhizobiummeliloti. J Bacter-
iol. 2006; 188(21): 7617–25. doi: 10.1128/JB.00719-06 PMID: 16916894.
25. Ventura M, Kenny JG, Zhang ZD, Fitzgerald GF, van Sinderen D. The clpB gene of Bifidobacterium
breve UCC 2003: Transcriptional analysis and first insights into stress induction. Microbiology. 2005;
151(Pt9): 2861–72. doi: 10.1099/mic.0.28176–0 PMID: 16151199.
26. DeSantis ME, Shorter J. The elusive middle domain of Hsp104 and ClpB: location and function. Bio-
chim Biophys Acta. 2012; 1823(1): 29–39. doi: 10.1016/j.bbamcr.2011.07.014 PMID: 21843558.
Symbiotic Performance of Rhizobia Improved by Extra clpBGene Copies
PLOS ONE | DOI:10.1371/journal.pone.0148221 February 4, 2016 16 / 18
27. Nakazaki Y, Watanabe YH. ClpB chaperone passively threads soluble denatured proteins through its
central pore. Genes Cells. 2014; 19(12): 891–900. doi: 10.1111/gtc.12188 PMID: 25288401.
28. Winkler J, Tyedmers J, Bukau B, Mogk A. Hsp70 targets Hsp100 chaperones to substrates for protein
disaggregation and prion fragmentation. J Cell Biol. 2012; 198(3): 387–404. doi: 10.1083/jcb.
201201074 PMID: 22869599.
29. Zolkiewski M, Zhang T, Nagy M. Aggregate reactivation mediated by the Hsp100 chaperones. Arch
Biochem Biophys. 2012; 520(1): 1–6. doi: 10.1016/j.abb.2012.01.012 PMID: 22306514.
30. Haslberger T, Zdanowicz A, Brand I, Kirstein J, Turgay K, Mogk A, et al. Protein disaggregation by the
AAA+ chaperone ClpB involves partial threading of looped polypeptide segments. Nat Struct Mol Biol.
2008; 15(6): 641–50. doi: 10.1038/nsmb.1425 PMID: 18488042.
31. Weibezahn J, Tessarz P, Schlieker C, Zahn R, Maglica Z, Lee S, et al. Thermotolerance requires refold-
ing of aggregated proteins by substrate translocation through the central pore of ClpB. Cell. 2004; 119
(5): 653–65. doi: 10.1016/j.cell.2004.11.027 PMID: 15550247.
32. Laranjo M, Oliveira S. Tolerance ofMesorhizobium type strains to different environmental stresses.
Antonie van Leeuwenhoek. 2011; 99(3): 651–62. doi: 10.1007/s10482-010-9539-9 PMID: 21152981.
33. Laranjo M, Alexandre A, Rivas R, Velázquez E, Young JP, Oliveira S. Chickpea rhizobia symbiosis
genes are highly conserved across multipleMesorhizobium species. FEMSMicrobiol Ecol. 2008; 66
(2): 391–400. doi: 10.1111/j.1574-6941.2008.00584.x PMID: 18795953.
34. Hübner P, Willison JC, Vignais PM, Bickle TA. Expression of regulatory nif genes in Rhodobacter cap-
sulatus. J Bacteriol. 1991; 173(9): 2993–9. PMID: 1902215.
35. Nascimento F, Brígido C, Alho L, Glick BR, Oliveira S. Enhanced chickpea growth-promotion ability of
aMesorhizobium strain expressing an exogenous ACC deaminase gene. Plant Soil. 2012; 353: 221–
30. doi: 10.1007/s11104-011-1025-2
36. Finan TM, Kunkel B, Devos GF, Signer ER. Second symbiotic megaplasmid in Rhizobiummeliloti car-
rying exopolysaccharide and thiamine synthesis genes. J Bacteriol. 1986; 167(1): 66–72 PMID:
3013840.
37. Sambrook J, Russell DW. Molecular cloning: a laboratory manual. 3rd ed. Cold Spring Harbor: Cold
Spring Harbor Laboratory Press; 2001.
38. Cadahía E, Leyvar A, Ruiz-Argueso T. Indigenous plasmids and cultural characteristics of rhizobia
nodulating chickpeas (Cicer arietinum L.). Arch Microbiol. 1986; 146: 239–44.
39. Rivas R, Velázquez E, Valverde A, Mateos P.F. Martínez-Molina E. A two primers random amplified
polymorphic DNA procedure to obtain polymerase chain reaction fingerprints of bacterial species. Elec-
trophoresis. 2001; 22(6): 1086–9. doi: 10.1002/1522-2683 PMID: 11358129.
40. Moscatiello R, Alberghini S, Squartini A, Mariani P, Navazio L. Evidence for calcium-mediated percep-
tion of plant symbiotic signals in aequorin-expressingMesorhizobium loti. BMCMicrobiol. 2009; 9:
206. doi: 10.1186/1471-2180-9-206 PMID: 19775463.
41. Robertsen BK, Aman P, Darvill AG, Mcneil M, Albersheim P. Host-Symbiont Interactions.5. The struc-
ture of acidic extracellular polysaccharides secreted by Rhizobium leguminosarum and Rhizobium tri-
folii. Plant Physiol. 1981, 67(3): 389–400. doi:http://dx.doi.org/10.1104/pp.67.3.389 PMID: 16661681
42. Srivastava P, Sharma PK, Dogra RC. Inducers of nod genes of Rhizobium ciceri. Microbiol Res. 1999;
154(1): 49–55. PMID: 10356796.
43. Laranjo M, Machado J, Young JPW, Oliveira S. High diversity of chickpeaMesorhizobium species iso-
lated in a Portuguese agricultural region. FEMSMicrobiol Ecol. 2004; 48(1): 101–7. doi: 10.1016/j.
femsec.2003.12.015 PMID: 19712435.
44. Beringer JE. R factor transfer in Rhizobium leguminosarum. J Gen Microbiol. 1974; 84(1): 188–98.
PMID: 4612098.
45. Brígido C, Oliveira S. Most acid-tolerant chickpea mesorhizobia show induction of major chaperone
genes upon acid shock. Microb Ecol. 2013; 65(1): 145–53. doi: 10.1007/s00248-012-0098-7 PMID:
22890730.
46. Alexandre A, Brígido C, Laranjo M, Rodrigues S, Oliveira S. Survey of Chickpea Rhizobia Diversity in
Portugal Reveals the Predominance of Species Distinct fromMesorhizobium ciceri andMesorhizobium
mediterraneum. Microb Ecol. 2009; 58(4): 930–41. doi: 10.1007/s00248-009-9536-6 PMID: 19468700.
47. BroughtonWJ, Dilworth MJ. Control of leghaemoglobin synthesis in snake beans. Biochem J. 1971;
125(4): 1075–80. doi: 10.1111/j.1472-765X.2006.02061.x PMID: 5144223.
48. Brígido C, Alexandre A, Laranjo M, Oliveira S. Moderately acidophilic mesorhizobia isolated from chick-
pea. Lett Appl Microbiol. 2007; 44(2): 168–74. doi: 10.1111/j.1472-765X.2006.02061.x PMID:
17257256.
Symbiotic Performance of Rhizobia Improved by Extra clpBGene Copies
PLOS ONE | DOI:10.1371/journal.pone.0148221 February 4, 2016 17 / 18
49. Gibson AH. Evaluation of nitrogen fixation by legumes in greenhouse and growth chamber. In: Elkan
GH, editor. Symbiotic Nitrogen Fixation Technology. New York: Marcel Dekker Inc.; 1987. pp. 321–
363.
50. Robledo M, Jiménez-Zurdo JI, Soto MJ, Velázquez E, Dazzo F, Martínez-Molina E, et al. 2011. Devel-
opment of functional symbiotic white clover root hairs and nodules requires tightly regulated production
of rhizobial cellulase CelC2. Mol Plant Microbe Interact. 2011; 24(7): 798–807. doi: 10.1094/MPMI-10-
10-0249 PMID: 21405987.
51. Nag S, Das S, Chaudhuri K. In vivo induced clpB1 gene of Vibrio cholerae is involved in different stress
responses and affects in vivo cholera toxin production. Biochem Biophys Res Commun. 2005; 331(4):
1365–73. doi: 10.1016/j.bbrc.2005.04.052 PMID: 15883026.
52. Sauviac L, Philippe H, Phok K, Bruand C. An extracytoplasmic function sigma factor acts as a general
stress response regulator in Sinorhizobiummeliloti. J Bacteriol. 2007; 189(11): 4204–16. doi: 10.1128/
JB.00175-07 PMID: 17400745.
53. Alexandre A, Laranjo M, Oliveira S. Global transcriptional response to heat shock of the legume symbi-
ontMesorhizobium lotiMAFF303099 comprises extensive gene downregulation. DNA Res. 2014; 21
(2): 195–206. doi: 10.1093/dnares/dst050 PMID: 24277738.
54. Laranjo M, Alexandre A, Oliveira S. Genes commonly involved in acid tolerance are not overexpressed
in the plant microsymbiontMesorhizobium lotiMAFF303099 upon acidic shock. Appl Microbiol Biotech-
nol. 2014; 98(16): 7137–47. doi: 10.1007/s00253-014-5875-4 PMID: 24931309.
55. Djordjevic MA. Sinorhizobiummelilotimetabolism in the root nodule: A proteomic perspective. Proteo-
mics. 2004; 4(7): 1859–72. doi: 10.1002/pmic200300802 PMID: 15221743.
56. Karunakaran R, Ramachandran VK, Seaman JC, East AK, Mouhsine B, Mauchline TH, et al. Transcrip-
tomic analysis of Rhizobium leguminosarum biovar viciae in symbiosis with host plants Pisum sativum
and Vicia cracca. J Bacteriol. 2009; 191(12): 4002–14. doi: 10.1128/JB.00165-09 PMID: 19376875.
57. Sarma AD, Emerich DW. Global protein expression pattern of Bradyrhizobium japonicum bacteroids: a
prelude to functional proteomics. Proteomics. 2005; 5(16): 4170–84. doi: 10.1002/pmic.200401296
PMID: 16254929.
58. Nomura M, Arunothayanan H, Dao TV, Le HTP, Kaneko T, Sato S, et al. Differential protein profiles of
Bradyrhizobium japonicumUSDA110 bacteroid during soybean nodule development. Soil Sci Plant
Nutr. 2010; 56: 579–90. doi: 10.1111/j.1747-0765.2010.00500.x
59. Mergaert P, Van Montagu M, Holsters M. Molecular mechanisms of Nod factor diversity. Mol Microbiol.
1997; 25(5): 811–7. PMID: 9364907.
60. Oldroyd GED. Speak, friend, and enter: signalling systems that promote beneficial symbiotic associa-
tions in plants. Nat Rev Microbiol. 2013; 11(4): 252–63. doi: 10.1038/nrmicro2990 PMID: 23493145.
61. Oke V, Long SR. The nodD gene of Rhizobium leguminosarum is autoregulatory and in the presence of
plant exudate. Cur Opin Microbiol. 1999; 2: 641–46.
62. Puskás LG, Nagy ZB, Kelemen JZ, Ruberg S, Bodogai M, Becker A, et al. Wide-range transcriptional
modulating effect of ntrR under microaerobiosis in Sinorhizobiummeliloti. Mol Genet Genomics. 2004;
272(3): 275–89. doi: 10.1007/s00438-004-1051-3 PMID: 15365818.
63. Uchiumi T, Ohwada T, Itakura M, Mitsui H, Nukui N, Dawadi P, et al. Expression islands clustered on
the symbiosis island of theMesorhizobium loti genome. J Bacteriol. 2004; 186(8): 2439–48. doi: 10.
1128/JB.186.8.2439–2448.2004 PMID: 15060047.
Symbiotic Performance of Rhizobia Improved by Extra clpBGene Copies
PLOS ONE | DOI:10.1371/journal.pone.0148221 February 4, 2016 18 / 18
